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A laboratory detection of a sterile neutrino could provide the first indication of the evolution of
the Universe before Big-Bang Nucleosynthesis (BBN), an epoch yet untested. Such “visible” sterile
neutrinos are observable in upcoming experiments such as KATRIN/TRISTAN and HUNTER in
the keV mass range and PTOLEMY and others in the eV mass range. A set of standard assumptions
is typically made about cosmology before the temperature of the Universe was 5 MeV. However,
non-standard pre-BBN cosmologies based on alternative assumptions could arise in motivated the-
oretical models and are equally in agreement with all existing data. We revisit the production of
sterile neutrinos of mass 0.01 eV to 1 MeV in two examples of such models: scalar-tensor and low
reheating temperature pre-BBN cosmologies. In both of them, the putative 3.5 keV X-ray signal line
corresponds to a sterile neutrino with a mixing large enough to be tested in upcoming laboratory
experiments. Additionally, the cosmological/astrophysical upper limits on active-sterile neutrino
mixings are significantly weaker than in the standard pre-BBN cosmology, which shows that these
limits are not robust. For example, in the scalar-tensor case the potential signal regions implied
by the LSND and MiniBooNE short-baseline as well as the DANSS and NEOS reactor experiments
are entirely not bound by cosmological restrictions. Our work highlights that sterile neutrinos may
constitute a sensitive probe of the pre-BBN epoch.
The cosmological evolution of the Universe before its
temperature was T = 5 MeV is unknown because we
have not detected so far any remnant from it. The earli-
est cosmological remnants are so far the light nuclei pro-
duced during Big Bang Nucleosynthesis (BBN) and if the
highest temperature of the radiation-domination epoch
in which BBN happened was just 5 MeV, BBN and all
the subsequent evolution of the Universe would be un-
changed [1–6]. Assumptions are made about cosmology
to compute the relic abundance and momentum distri-
butions of dark matter (DM) particles which are pro-
duced in this pre-BBN epoch. The standard assumptions
are that the Universe was radiation-dominated, that only
Standard Model (SM) particles are present and that no
extra entropy in matter and radiation is produced. We
call this set of assumptions the standard pre-BBN cos-
mology, which is an extension at higher temperatures of
the standard cosmology we know at lower temperatures,
T < 5 MeV. However, cosmologies based on alternative
assumptions are equally in agreement with all existing
data. The pre-BBN cosmological evolution could drasti-
cally differ from standard in some well motivated theoret-
ical models, e.g. some based on moduli, extra dimensions
or quintessence. A non-standard cosmological evolution,
consistent with all existing bounds, could drastically af-
fect the properties of any relics produced before the tem-
perature of the Universe was 5 MeV. Detecting any relics
sensitive to the pre-BBN cosmological history will open
a new window into this yet unexplored epoch. The SM
predicts that the three active neutrinos να, α = e, µ, τ ,
coupled to the W and Z weak gauge bosons are massless.
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The discovery of neutrino oscillations [7] confirmed that
neutrinos are massive and led to detailed studies of neu-
trino scenarios beyond the three-flavor paradigm of the
SM. A promising explanation of the non-zero active neu-
trino masses involves minimally extending the SM to in-
clude one or more additional “sterile” neutrinos νs which
do not interact weakly and in minimal scenarios only mix
with the να. For simplicity, here we assume a νs that has
a mixing sin θ with only one να, and we take α = e in
our figures. Sterile neutrinos with mass of O(keV) and a
spectrum close to thermal constitute a viable Warm DM
(WDM) candidate (see e.g. [8]).
Sterile neutrinos without additional interactions be-
yond the SM are produced in the early Universe through
active-sterile flavor oscillations and collisional processes.
In the absence of a large lepton asymmetry the oscil-
lations are non-resonant, and the analytic solution for
the relic number density of sterile neutrinos produced
through this mechanism was first obtained by Dodelson
and Widrow (DW) [9]. In the presence of a large lep-
ton asymmetry sterile neutrinos could be produced via
resonant conversion [10]. In more complicated scenarios,
other production mechanisms, such as heavy scalar de-
cays [11], are also possible. Here we focus on the DW
production mechanism, and leave details of the results
we present, as well as the study of resonant production,
for future work [12].
We revisit the effects of different pre-BBN cosmologies
on visible sterile neutrinos with mass 10−2 eV < ms <
1 MeV, in view of the reported 3.5 keV X-ray line, which
could be due to a 7 keV mass sterile neutrino, and of
recent results from short-baseline and reactor neutrino
experiments, which could be due to a sterile neutrino
with O(eV) mass. We show that, if observed in labo-
ratory experiments, sterile neutrinos could act as sensi-
tive relic probes of the pre-BBN cosmology. For con-
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2creteness, we discuss sterile neutrino production within
two representative non-standard pre-BBN cosmological
scenarios, scalar-tensor (ST) and low-reheating temper-
ature (LRT) cosmologies, and compare them with the
standard cosmology (Std). Within the ST or LRT sce-
narios, the sterile neutrino production is suppressed with
respect to that in the Std. As a consequence the cos-
mological/astrophysical upper limits on the active-sterile
neutrino mixing can be significantly less restrictive than
within the Std. Hence, these limits do not reject the ster-
ile neutrino masses and mixings compatible with the re-
ported results of the short-baseline LSND [13] and Mini-
BooNE [14] (see the band labeled MB in Fig. 1) as well as
the reactor neutrino DANSS [15] and NEOS [16] exper-
iments (see three black elliptical vertical contours above
the MB band in Fig. 1). Also, the sterile neutrino respon-
sible for the putative 3.5 keV X-ray signal line [17, 18]
can have a much larger mixing (indicated by a black star
in Fig. 1), that is within the sensitivity reach of TRIS-
TAN [19] and HUNTER [20] (shown respectively in blue
and magenta in Fig. 1).
Several related studies have already been carried out
[21–23]. We extend the results of the previous LRT anal-
ysis focusing on keV-mass neutrinos of [21] down to 0.01
eV masses and update the older constraints of [22]. For
ST, we extend the results of [23], pointing out that the
3.5 keV line will be more visible and highlighting the sig-
nificance of upcoming laboratory experiments.
Compared to the standard Hubble expansion rate
HStd, the ST expansion rate is HST = η(T/Ttr)βHStd,
where T is the temperature of the radiation bath, Ttr is
the temperature at which there is a fast transition to the
Std cosmology, and we take η = 7.4×105 and β = −0.82
adopting the model of [24] (models with different η and
β are also possible, e.g. [25]). In this model the entropy
in matter and radiation is conserved. We require that
the standard expansion rate is recovered for T < Ttr = 5
MeV, ensuring that BBN is preserved. Hence, this model
is fully compatible with all cosmological and astrophysi-
cal constraints (e.g. [26]).
In the LRT scenario, entropy is not conserved in the
non-standard phase [22, 27] (see discussion in [28]). In
this phase the oscillations of a scalar field around its
minimum dominate the energy density of the Universe,
while the scalar field decays into radiation. Finally,
the Universe becomes dominated by a radiation bath
with a reheating temperature that we assume here to be
TRH = 5 MeV. This naturally can happen within models
with decaying moduli fields or low-temperature inflation
(e.g. [29–34]). Since the thermal bath is not significant
during the scalar field dominated phase, the dominant
sterile neutrino production happens during the radiation
dominated phase, when T < TRH [22, 27].
While our point is illustrated with the above scenar-
ios, we note that many other cosmologies have been pro-
posed, including kination [35–39] that may arise in mod-
els of quintessence, brane cosmology [40] or ultra-fast ex-
pansion [41]. In future work [12], we will discuss sterile
neutrino production within a phenomenological frame-
work of cosmologies where entropy is conserved, which
includes kination and ST as special cases.
In the DW [9] mechanism, sterile neutrino production
is well described by a Boltzmann equation and is pro-
portional to the ratio Γ/H of the conversion rate and the
Hubble expansion rate. As active neutrinos interact with
the surrounding plasma they can convert to sterile neu-
trinos with some probability, determined by the active-
sterile mixing in matter due to the neutrino self energy.
The production rate is usually not fast enough for sterile
neutrinos to equilibrate and the process is a freeze-in of
the final abundance. In the Std cosmology the momen-
tum distribution fνs of the sterile neutrinos is propor-
tional to the momentum distribution of active neutrinos.
In the LRT and ST model it has an extra  and −0.27
factor, respectively, where  = p/T is the temperature-
scaled dimensionless sterile neutrino momentum.
The maximum of the sterile neutrino production [12],
specifically the maximum of (∂fνs(E, T )/∂T ), occurs in
the standard cosmology at
T Stdmax = 145 MeV
( ms
keV
) 1
3
−
1
3 . (1)
Since T Stdmax > TRH =5 MeV for all the sterile neutrinos we
study, in the LRT cosmology the production rate never
maximum, it is always smaller than in the Std. In the ST
model the maximum of the production happens during
the non-standard phase, at
T STmax = 156 MeV
( ms
keV
) 1
3
−
1
3 . (2)
In the standard cosmology, the ratio of the sterile
and active neutrino number densities nνs/nνα , both com-
puted at the same temperature T , is
nStdνs (T )
nνα(T )
' 3.34 104 sin2 2θ
(
dα
1.13
)(
30
g∗
) 3
2 ( ms
keV
)
. (3)
Here, dα = 1.13 for να = νe and dα = 0.79 for νµ
and ντ , g∗ is the entropy number of degrees of freedom
at production, that we take to be g∗ = g∗(T Stdmax), and
nνα(T ) = (3ζ(3)/2pi2)T 3 ' (1.804/pi2)T 3.
Assuming that only SM particles are present for T
higher than the QCD phase transition (T ' 170 MeV),
g∗ = 80 and approximately constant (it reaches 100 at
105 MeV). For T values between close the QCD phase
transition, the value of g∗ decreases steeply, and we take
an average value of g∗ ' 30 until T decreases to T = 20
MeV. Between this temperature and T = 1 MeV, when
electrons and positrons become non-relativistic and an-
nihilate, g∗ = 10.75 (see e.g. [42–44]).
In the ST cosmology the expansion rate H is much
larger, i.e. Γ/H is much smaller, than in the Std cos-
mology. Thus sterile neutrino production is suppressed,
and the relic number density is much smaller than in the
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FIG. 1: Present relic abundance, limits and regions of interest in the mass-mixing space of a sterile neutrino mixed
only with νe, assuming different pre-BBN cosmologies (indicated above each panel). The scalar-tensor and low
reheating temperature cosmologies (center and right) transition to the standard cosmology at a temperature of 5
MeV. Sterile neutrino fractional contribution to the DM of 1, and then 10−1, 10−2 and 10−3 are shown with a black
solid line and dotted lines, respectively (the forbidden region Ωs/ΩDM > 1 is diagonally hatched in black). Lifetimes
τ = tU , trec and tth (see text) of Majorana sterile neutrinos, are shown with straight long dashed red lines. The
region disfavored by supernovae [45] (SN) is horizontally hatched in brown. The black star shows the location of the
3.5 keV X-ray signal [17, 18] for each cosmology. Regions rejected by limits from combined reactor neutrino (R)
experiments (Daya Bay [46], Bugey-3 [47] and PROSPECT [48]) shown in green, on Neff during BBN [49] (BBN) in
cyan, from Lyman-alpha data [50] (Ly-α/HDM) in gray, from X-ray [51–53] including DEBRA observations [54]
(Xray) in green, on 0νββ decays [55] (0νββ) in orange and on CMB spectrum distortions [56] (CMB) diagonally
hatched in red. Current/future sensitivity of KATRIN (KA) in the keV [19] and eV [57] mass range, its TRISTAN
upgrade in 1 year (T) and in 3 years (T2) [19] shown by blue solid lines. The magenta solid lines show the
sensitivity limits of the phases 1A (H1A) and 1B (H1B) of the proposed HUNTER experiment, and its upgrade
(HU) [20]. The region densely hatched in black (MB) is the 4-σ band of compatibility with LSND and MiniBooNE
results in Fig. 4 of [14]. The three black vertical elliptical contours above the MB band are the regions allowed at
3-σ by DANSS [15] and NEOS [16] data in Fig. 4 of [58]). Orange solid lines show the sensitivity projections of
PTOLEMY for 10 mg-yr (P) and 100 g-yr (P2) exposures (see Figs. 6 and 7 of [59]).
Std [12, 23],
nSTνs (T )
nνα(T )
' 0.54 sin2 2θ
( dα
1.13
)(5 MeV
Ttr
)0.82
×
(
30
g∗
) 3
2 ( ms
keV
)1.27
, (4)
where g∗ = g∗(T STmax).
In the LRT cosmology, the dominant sterile neu-
trino production happens during the radiation dominated
phase, at T < TRH . Thus, if TRH < Tmax, the resulting
relic sterile neutrino number density is smaller than in
the Std [22]
nLRTνs (T )
nνα(T )
' 11.3 sin2 2θ
( dα
1.13
)( TRH
5 MeV
)3
. (5)
Notice that the temperature of sterile Tνs and active
neutrinos Tνα can be different, due to entropy transfer
into active neutrinos after the production of the bulk of
the sterile neutrinos, in which case the right-hand side of
Eqs. (3) and (4) needs to be multiplied by (Tνs/Tνα)3 =
10.75/g∗ to obtain the actual ratio of number densities.
In the LRT model, most of the sterile neutrino production
happens close to the reheating temperature, since the
production rate deceases as T decreases. Here TRH is just
5 MeV, thus g∗ = 10.75, and active neutrinos decouple
at slightly lower temperatures of a few MeV when g∗ is
the same, thus Tνs = Tνα .
The ratio of the energy density of relativistic neutri-
nos and their number density, ρνs(T )/nνs(T ), defines
the sterile neutrino average momentum in each scenario
〈p〉 = 〈〉T for each temperature [12],
〈〉 = ρνs(T )
T nνs(T )
=
 3.15, Std2.89, ST4.11, LRT (6)
which is used in the BBN and Ly-α limits below.
Comparing the number density ratios in Eqs. (3), (4)
and (5) it is clear that significantly larger mixing angles
4are allowed in the ST and LRT cosmologies than in the
Std by all upper limits dependent on the sterile neutrino
relic abundance. In Fig. 1 we display these constraints for
the Std, ST and LRT cosmologies (in the left, middle and
high panels, respectively), extending the parameter space
and updating the previous results of [21–23] (details of
the calculations will be given in [12]).
All the sterile neutrinos we consider are non-relativistic
at present, thus their energy density is ρs,0 = nνs,0ms
(nνs,0 is the present number density) which must not be
larger than the present DM energy density, ρs,0 ≤ ρDM =
ΩDMρc, or
Ωsh2 =
(msnνs,0
ρc
)
h2 ≤ ΩDMh2 = 0.1186 . (7)
Here ρc = 1.05× 10−5h2 GeV/cm3 is the critical density
of the Universe and h = 0.678 [49]. In Fig. 1 we show
the lines in mass-mixing space for several values of the
Ωs/ΩDM ratio, and indicate the forbidden region where
this fraction is > 1, assuming for simplicity g∗ = 30 for
all the sterile neutrinos we consider.
If sterile neutrinos constitute the DM, their free-
streaming would suppress structure formation below the
free-streaming length (see e.g. [8])
λs ' 1 Mpc
(keV
ms
)( 〈〉
3.15
)( Tνs
Tνα
)
, (8)
where (Tνs/Tνα) = (10.75/g∗)1/3. Observations of the
Lyman-α forest in the spectra of distant quasars con-
strain the power spectrum on the ∼0.1-1 Mpc scales,
thus imposing limits on neutrinos in the keV mass range,
which would thus be WDM. These limits are usually
given in terms of the mass mth of a fermion that was
is thermal equilibrium and has a temperature Tth that
depends on when it decoupled. Thus its mass and relic
density (which depends on it temperature and mass) are
independent quantities. Following [60], we equate the
free-streaming scales of this thermal WDM fermion and
a sterile neutrino (i.e. 〈〉Tνs/ms = 3.15 Tth/mth) as well
as their energy densities, to identify the sterile neutrino
mass ms that would result in the same free-streaming as
a WDM fermion with mass mth in thermal equilibrium.
In this way we translate the Lyman-α forest bounds [50]
from mth to ms, which we display in Fig. 1. We extend
the upper limit on the density fraction of the smallest
tested masses, as an upper limit on the density of lighter
sterile neutrinos which would be Hot DM (the region re-
jected by this limit, shown in gray, is labeled Ly-α/HDM
in Fig. 1), until it is superseded by the BBN limit.
The impact on BBN of an increased expansion rate of
the Universe yields an upper limit on Neff , the effective
number of relativistic active neutrino species present dur-
ing BBN. Assuming that only sterile neutrinos and SM
active neutrinos contribute to Neff ,
Neff = 3.045 + (ρνs/ρνα) , (9)
where 3.045 is the contribution of the SM active neutrinos
alone [61, 62]. All the sterile neutrinos we consider are
relativistic during BBN, thus (ρνs/ρνα) is the ratio dur-
ing BBN of the relativistic energy densities of the sterile
neutrino, ρνs = 〈〉Tnνs with 〈〉 given in Eq. (6), and
one active neutrino species να, ρνα = 3.15Tnνα , thus
∆Neff = Neff − 3.045 '
( 〈〉
3.15
)( nνs
nνα
)(10.75
g∗
)1/3
. (10)
Here the ratio nνs/nνα in each cosmology (see Eqs. (3),
(4) and (5)) is the same during BBN as at present, since
both the number densities just redshift for T < 1 MeV
(and BBN starts at about T = 0.8 MeV).
We use the BBN bound Neff < 3.4 at 95% confidence
level [49] in Eq. (10) to set the limits we display in Fig. 1
(the regions forbidden by this limit are shown in cyan).
This upper limit is similar in magnitude to the Planck
2018 limit [63] on Neff derived from cosmic microwave
background radiation (CMB) data. However, the CMB
limit is applicable only to very light neutrinos (ms  1
eV) that are relativistic during recombination and hence
we do not consider them. The Planck 2018 and BI-
CEP2/Keck and BAO data limits on the effective sterile
mass ms,eff or the sum of active neutrino masses [63, 64]
do not significantly change those we obtained based on
Neff during BBN. Earlier Planck limits on Neff and ms,eff
were considered in Ref. [23].
Photons produced in the decays of sterile neutrinos
before recombination, i.e. τ < trec ' 1.2 × 1013 sec,
can distort the CMB spectrum [65, 66] if they are pro-
duced after the thermalization time tth ' 106 sec, be-
fore which they could be incorporated into the measured
Planck spectrum (see e.g. the discussion in Ref. [27]).
The COBE FIRAS limits [56] on these distortions reject
lifetimes trec > τ > 106 sec (region diagonally hatched
in red in Fig. 1 labeled CMB). Lifetimes of Majorana
sterile neutrinos1 equal to the lifetime of the Universe,
tU = 4.36× 1017 sec, to trec and to tth are indicated with
red long-dashed straight lines in Fig. 1.
The energy loss due to sterile neutrinos produced in
core collapse supernovae explosions disfavors [45] the re-
gion horizontally hatched in brown and labeled SN in
Fig. 1. Due to the considerable uncertainty in the neu-
trino transport and flavor transformation within hot and
dense nuclear matter [67], it is difficult to exclude this
region entirely. For recent studies regarding sterile neu-
trinos mixing with νµ or ντ see e.g. Ref. [68, 69].
The most restrictive limits on sterile neutrinos with
ms > 1 keV come from astrophysical indirect detection
searches of X-rays produced in the νs → ναγ two-body
decay [51–53]. The rate of this decay mode is [70, 71]
Γγ = 1.38× 10−32 s−1
(
sin2 2θ
10−10
)( ms
keV
)5
. (11)
1 For Dirac neutrinos the lifetime must be multiplied by 2.
5Due to the rapid decrease of this rate with decreasing
mass, X-ray observations do not provide meaningful con-
straints on sterile neutrinos with ms < 1 keV. The model
independent X-ray bounds derived from observations of
galaxies and clusters [17, 18, 51, 52] assume that sterile
neutrinos constitute the entirety of the DM. To trans-
late these limits into those that apply in our scenar-
ios we note that the X-ray signal depends on the pro-
duced photon flux, which is proportional to the product
(Ωs/ΩDM) sin2 2θ. The present sterile neutrino fraction
(Ωs/ΩDM) of the DM is itself proportional to sin2 2θ (due
to the dependence of nνs in Eqs. (3), (4) and (5) on the
mixing). Hence, the X-ray limits shown in green is Fig. 1
(labeled Xray) are related to the published model inde-
pendent bounds through a simple rescaling. The same
rescaling applies to diffuse extragalactic background ra-
diation (DEBRA) bounds [54] on sterile neutrinos decay-
ing after recombination, i.e. τ > trec (the lower boundary
of the DEBRA rejected region is indicated by a straight
green line in Fig. 1).
The 3.5 keV X-ray emission line signal reported in
2014 [17, 18], which remains a matter of lively de-
bate (see e.g. [72, 73]), could be due to the decay of
ms ' 7 keV sterile neutrinos whose mixing should be
sin2 2θ = 5 × 10−11 if they constitute all of DM. The
active-sterile mixing necessary for sterile neutrinos pro-
duced non-resonantly to reproduce the putative signal
line shifts in the same way as the X-ray bounds just men-
tioned, and is indicated with a black star in Fig. 1. Notice
in Fig. 1 that the signal would correspond to sterile neu-
trinos that constitute only a small fraction of the DM. It
is clear that in pre-BBN cosmologies in which the sterile
neutrino relic number density is smaller the mixing angle
required to produce the signal is larger, which potentially
brings it within easier reach of laboratory experiments.
In particular, in the LRT and ST cosmologies shown
Fig. 1 the necessary mixings are sin2 2θ = O(10−7),
within reach of the KATRIN experiment with its pro-
posed TRISTAN upgrade [19] as well as the upcoming
HUNTER experiment and its upgrades [20].
Since laboratory experiments directly probe the active-
sterile mixing angle and mass by searching for active
neutrino appearance and disappearance, the resulting
bounds they set are independent of cosmology. The tri-
tium decay KATRIN experiment [74, 75] has started data
collection. The sterile neutrino mass eigenstate would
manifest itself as a kink-like distortion of the measured
β-decay spectrum. In the keV-scale mass range it will
probe mixings down to sin2 θ ∼ 10−4 [19]. The upgrade
of the experiment, TRISTAN, is expected to reach sen-
sitivities of sin2 θ ∼ 10−6, in 3 years of run time [19].
An even more impressive sensitivity is expected to be
reached in the keV mass-range by the upcoming cesium
trap experiment HUNTER [20]. In this experiment the
neutrino missing mass will be reconstructed from 131Cs
electron capture decays occurring in a magneto-optically
trapped sample. The initial prototype, currently under
construction, will have two phases denoted by H1A and
H1B in Fig. 1, whose goal is to demonstrate the feasibility
of the experimental technique. In the HUNTER upgrade,
denoted by HU in Fig. 1, the sensitivity is projected to
reach sin2 2θ ∼ 10−11.
For eV-scale mass sterile neutrinos, a slew of reactor
and accelerator neutrino experiments probe and restrict
portions of the parameter space. The combined reactor
neutrino constraints from the Daya Bay [46], Bugey-3 [47]
and PROSPECT [48] experiments are displayed in Fig. 1
(green region labeled R). Several anomalous results, con-
sistent with the existence of a eV-scale mass sterile neu-
trino, have been reported. In particular, long-standing
excesses observed within νe appearance channels in the
short-baseline LSND [13] and MiniBooNE [76] experi-
ments have been recently strengthened with additional
MiniBooNE data [14]. We display in Fig. 1 the black
hatched band denoted MB in sterile neutrino parameter
space consistent at the 4-σ level with these excesses taken
from Fig. 4 of [14] (see [14] for details). We note, however,
that the sterile neutrino interpretation of these appear-
ance excesses is in strong tension with νµ disappearance
data from IceCube [77] and MINOS+ [78].
Additionally, combined fits [58, 79, 80] to recent reac-
tor neutrino results by the DANSS [15] and NEOS [16]
experiments are consistent with an interpretation based
on a sterile neutrino with ms ' 1.14 eV mass and
sin2 2θ ' 0.04 mixing with the νe active neutrino. The
regions allowed at 3-σ by DANSS and NEOS data are
shown with black vertical elliptical contours (reproduced
from Fig. 4 of [58]). Further, as we also show in Fig. 1,
the PTOLEMY [59] and KATRIN [57] experiments will
be able to test all or part of this parameter space. Note
in Fig. 1, that in the ST and LRT cosmologies the cos-
mological bounds on eV-scale mass sterile neutrinos are
significantly relaxed with respect to those in the Std cos-
mology, and the parameter space required for the above
excesses is not rejected by them.
If neutrinos are Majorana fermions, neutrinoless
double-beta (0νββ) decays are allowed and their half-
life times depend on an effective electron neutrino Ma-
jorana mass 〈m〉. A sterile neutrino mixed with νe con-
tributes a component 〈m〉s = mseiβs sin2 θ to this effec-
tive mass, where βs is a Majorana CP-violating phase.
Using the present bound on the magnitude of the effec-
tive Majorana mass, |〈m〉| < 0.165 eV [55], we obtain
ms sin2 2θ < 0.660 eV. This bound labeled 0νββ is shown
a straight orange line in Fig. 1.
In summary, we revisited non-resonant sterile neutrino
production in different pre-BBN cosmologies, before the
temperature of the Universe was 5 MeV and showed that
these neutrinos can act as sensitive probes of these cos-
mologies. This highlights that cosmological bounds are
not robust and direct laboratory searches, whose results
are independent of cosmology, are particularly important
to test both, particle physics and cosmology. The pre-
BBN epoch of the Universe has not yet been tested be-
cause of the lack of any detected remnant from it. A
visible sterile neutrino could be the first.
6In particular in the LRT and ST models we studied
here, cosmological bounds are significantly relaxed, and
the mixing of the sterile neutrinos possibly responsible
for the 3.5 keV signal are within easier reach of the up-
coming KATRIN/TRISTAN and HUNTER experiments.
These experiments have already started or are expected
to start taking data soon. The observation of a 7 keV
mass sterile neutrino in one of them would not only con-
stitute the discovery of a new elementary particle, a par-
ticle physics discovery of fundamental importance, but
could hold vital information about the pre-BBN cosmol-
ogy from which this sterile neutrino would be the first
ever detected remnant. For example, if the measured
mixing is found to be sin2 2θ = O(10−7), the discovery
would be consistent with a non-standard cosmology such
as the ST and LRT we studied here (or maybe special
particle models, e.g. [81]) and if sin2 2θ = O(10−10) it
would point to a standard pre-BBN cosmology, as indi-
cated in Fig. 1 (see the location of the black stars).
Furthermore, the relaxation of cosmological bounds
on eV-scale mass sterile neutrinos in non-standard pre-
BBN cosmologies allows for the results reported from
the LSND, and MiniBooNE short-baseline as well as the
DANSS and NEOS reactor neutrino experiments to be
unrestricted by cosmology. If the discovery of a sterile
neutrino in any of these experiments would be confirmed,
again this would be of fundamental importance not only
for particle physics, but for the pre-BBN cosmology in
which they were produced, and it could provide an indi-
cation of a non-standard cosmology in this yet untested
epoch.
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